The relaxation processes and the properties of polymer/ceramic nanocomposites have been studied by the 1 H nuclear magnetic resonance methods. Nanocomposites of poly(ethylene terephthalate) PET and poly(phenylene sulfide) PPS with 0.25, 2.5 and 5% wt. barium titanate BT were prepared using a twin screw extruder and injection moulding machine. The spin-lattice relaxation time T 1 , second moment M 2 and the motional parameters as e.g. the activation energies in the nanocomposites were investigated. 
Introduction
Polymer/ceramic nanocomposites are widely used as electronic packaging or dental materials. Generally used as a thermoplastic matrix having a good thermal and mechanical properties. The production of nanocomposites by introducing nanometer-sized particles to the polymer matrix is one of the methods of physical modification. Typically, nanotubes are used, whether montmorylonite, nanosilica or barium titanate [1] . Barium titanate is one of univer-sally electronic materials with a high dielectric constant and excellent ferroelectric properties. Another commonly used method is the production of polymer blends based on particular thermoplastics. Several polymers have already been used as matrix such as polyester (poly(ethylene terephthalate), poly(butylene terephthalate)), polyamide (polyamide 6, polyamide 66), polyolefin (polypropylene, polyethylene) etc. [2] .
Poly(phenylene sulfide) PPS is an important high strength and high temperature engineering thermoplastic. PPS possesses high temperature resistance combined with good mechanical properties, exceptional chemical and solvent resistance, high dimensional stability and easy processing. It has, however, a lower elongation to break, a higher cost and is rather brittle [3, 4] . Poly(ethylene terephthalate) PET is a polyester used in a wide number of applications. It's chemical inertness and physical properties made it particularly suitable in food packaging applications especially in beverages and drinking water [5, 6] . In this work the molecular dynamics of virgin PET and PPS and a polymer/ceramic nanocomposites with the volume fraction of the ceramic φ in the range from 0.25 to 5.0% wt. is presented. The spin-lattice relaxation time T 1 and the second moment M 2 were investigated of the mentioned materials [7] [8] [9] .
Experimental

Materials
The compounds used for preparing the composites are specified in Table 1 . Two components were delivered in a powder form: thermoplastic, semicrystal polymer PPS and the barium titanate ceramics (BaTiO 3 -BT) with an average particle size of 50 nm. The third component, thermoplastic and semicrystal polymer PET, was supplied in the form of pellets. 
Preparation of PET/PPS/BT nanocomposites
Polymer/ceramic nanocomposites were prepared in 2 stages. In the first one, PPS/BT was obtained using a PRISM Eurolab 16 co-rotating twin-screw extruder. The temperatures from the feed zone to the die of the extruder were from 423 to 573 K and 571 K, respectively. The diameter of the die was 3 mm. All the materials were dried at 393 K for 2 hours before compounding. 
NMR measurements
Spin-lattice relaxation times
The 1 H NMR measurements were carried out on a home made pulse spectrometer operating at 30.2 MHz [7] . The spin-lattice relaxation times T 1 in the laboratory frame were determined using a pulse sequence [ * 90 − − 90 − 90 ] as a function of temperature from 130 to 393 K. After the saturating pulses at intervals the solid echo sequence was applied and the solid echo was observed. The samples were degassed and sealed in glass ampoules.
1 H NMR second moments
The experimental 1 H NMR second moments M 2 for polymer/ceramic nanocomposites were obtained using a pulse sequence [90 Fig. 1 as a function of temperature [10] . After the fourth RF pulse the solid echo was detected. Its amplitude M ( ) depends on the time between the first and the second 90 pulse. The time 0 was constant and equal about 300 µs. The values of second moments M 2 were obtained by fitting the following exponential decay function:
where: M 2 -is the proton second moment G 2 , to the experimental curves. 
Results and discussion
Spin-lattice relaxation times
All spin-lattice relaxation times T 1 in the laboratory frame were calculated using the following equation:
Fig . 3 presents the temperature dependence of the spin-lattice relaxation time T 1 for the virgin PET, polymer/ceramic nanocomposites and the virgin PPS. For all samples the magnetization recovery function was single-exponential in the whole range of temperatures, to the accuracy of 3% what means that between different phases, characterizing dissimilar molecular dynamics, appears the effective spin-diffusion process [9, 11] . On the low temperature side the relaxation times for nanocomposites show a very weak temperature independence what is supposed to be dictated by the nuclear spin diffusion toward the electron spin in paramagnetic impurities [12] . From 200 K relaxation times start to decrease and do not achieve a minimum due to experimental limitations. Analysis of temperature dependence of relaxation spin-lattice times shows that obtained values of relaxation times for nanocomposites are lower in comparison with the that for the virgin poly(ethylene terephthalate) PET and higher than the poly(phenylene sulfide) PPS. In order to propose the model of internal dynamics, the spin-lattice relaxation time and the second moment of the 1 H NMR line were calculated in terms of the dipole-dipole BPP theory [13] . Taking into account the fact that time relaxation T 1 are temperature independent on the low temperature side it is suggested for all samples the existence of paramagnetic relaxation [14] . It is assumed that the temperature dependence of T 1 in nanocomposites is governed by dipolar interaction modulated by a specific motion of the phenylene ring of PET and PPS (possible flipping), a slow motion that is unique to the ethylene groups of PET (probably due to the trans-gauche isomerization) and an almost effectively isotropic reorientation of some amorphous polymer segments of PET and PPS in higher temperatures [15] and moreover by the paramagnetic relaxation. These contributions are additive and can be approximated by following general equation:
The spin-lattice relaxation rate is predominantly due to dipole-dipole interaction 1 T DIP 1 modulated by segmental motion of chains above the glass transition temperature and local motion of phenyl rings appearing in both PPS and PET below its glass transition temperature:
According authors [16] the contribution to the spin-lattice relaxation rate caused by the trans-gauche isomerization could be neglected in the experimental temperature range. In order to explain obtained results above the glass transition the segmental motion of the chains is taken into account and described by the equation [17] :
where γ is gyromagnetic ratio of protons, ∆M 21 is the reduction of the second moment 1 H NMR induced by the segmental motion, ω 0 is the Larmor angular frequency, τ is the correlation time describing the dynamic process. For thermally activated molecular reorientation the correlation time is described by Arrhenius formula:
where τ 01 is the pre-exponential factor corresponding to the rotational correlation time at the infinite temperature, R is the gas constant and E A1 is the activation energy of molecular reorientation. It was assumed that the phenyl ring jumps between two unequal states have the most influence on the spin-lattice relaxation rate below the glass transition temperature [18, 19] . The contribution of phenyl flip motion to spin-lattice relaxation rate can be described by [20, 21] 
where: C is the constant, E the activation energy of paramagnetic relaxation.
All of 1 H NMR experimental data obtained from the spin-lattice relaxation measurements were fitted using Eqs. (5) and (7) and (8) . The parameters τ 01 , E A1 , ∆M 21 , τ 02 , E A2 , ∆E A2 , ∆M 22 , C and E of Eqs. (5) and (7) and (8) On the basis of the analysis of the temperature dependence of spin-lattice relaxation times above the glass transition temperature one may estimated the values of the activation energy E A1 varying from 15.3 kJ/mol for PET/PPS/BT 0.25% wt. to 12.6 kJ/mol for PET/PPS/BT 2.5% wt. and the correlation times of an order of 10 −9 s can be attributed to the slow isotropic reorientation of some amorphous polymer segments of nanocomposites.
It was suggested that the estimated value of activation energy E A2 about 9 kJ/mol is connected with the phenyl rings reorientation around a characteristic axis in position para in crystalline phase [19] . The longest correlation times of 7 4 · 10
was obtained for PET/PPS/BT 5% wt. nanocomposite. Analyzing this motion we can claim that increasing the concentration of barium titanate reduce the mobility of local motion of the phenyl rings.
1 H NMR second moment M
2
The experimental data of the 1 H NMR second moment M 2 for the virgin PET, nanocomposites with different concentration of barium titanate and the virgin PPS are presented in Fig. 5 . These data reflect that the temperature dependence of second moment for nanocomposites are very similar to the virgin PPS. The value for the virgin PET and PPS are given from continuous wave measurements and compared with the polymer/ceramic nanocomposites. For the virgin PPS there are observed two plateaus. The low temperature ones, was observed in the region from 123 K to 217 K and corresponding to the rigid lattice of PPS. The experimental value of M 2 was in agreement with those calculated according to the van Vleck formula [22] taking into regard the crystal structure given by Garbarczyk [23] :
where: γ I is the gyromagnetic ratio of the resonant spin, H−H is the inter-proton distance. On heating from 215 K to 500 K the second moment decreases from 6.6 G 2 to 2 G 2 due to reorientations of the phenyl rings [24] . Taking into regard the above estimated values of the second moment at low and high temperature plateau as well as the observed reduction of the second moment corresponding to the reorientations of the phenyl ring, it is possible to determine the activation energies of these processes by fitting Gutowsky and Pake's [25] correlation time temperature dependence
to the experimental data, where C 2 and B 2 are the value of second moment before and after thermal narrowing, respectively. Fig. 6 shows the fitted solid line to the experimental data. The Arrhenius activation energy is 6.5 kJ/mol.
The deviation of the theoretical curves from experimental dependence above 400 K is probably due to the appear- ance of additional segmental motions of polymer chains which are not be taking into consideration. The analysis of M 2 (T ) gives the value of the activation energy for the phenyl rings reorientation in PPS as 6.9 kJ/mol. The estimated value of the activation energy is comparable with those obtained from spin-lattice relaxation measurements for studied nanocomposites. For polymer/ceramic nanocomposites and the virgin PET no clear low and high plateau was observed because the restricted temperature measurement and that is why the detailed analysis of the temperature dependence of the second moment is not available.
Conclusions
The study of molecular dynamics of polymer/ceramic nanocomposites based on poly(ethylene terephthalate) were performed using Nuclear Magnetic Resonance (NMR) pulse spectrometer operating at frequency 30.2 MHz. Measurements of the spin-lattice relaxation times T 1 and the 1 H NMR second moment M 2 gave us activation parameters of local and segmental molecular motions. That shows that different concentration of barium titanate has different influence on the local motions connected with phenyl ring reorientations and on segmental motions. The NMR results show that activation energies of segmental motions which are observed above the glass temperature T are higher and internal reorientation are the slower than these for the local motions. For segmental motions the highest activation energies and the slowest motions are observed for nanocomposites with concentration of barium titanate 0.25% wt. For local motions the highest activation energies and the slowest motions are observed for nanocomposites with concentration of barium titanate 5% wt.
